but those that are more conserved include the compoassemblies that allow traffic between the cytoplasm nents of the S. cerevisiae scNup84 complex. scNup84 and the nucleus. During mitosis in higher eukaryotes, is the homolog of rat Nup107 (Radu et al., 1994 ) and the Nuclear Envelope (NE) breaks down and NPCs purifies in a complex consisting of scNup85, scNup120, disassemble. How NPCs reassemble and incorporate scNup145-C, scSeh1 (Sec 13 homolog 1), and scSec13 into the NE upon mitotic exit is poorly understood. We (Siniossoglou et al., 1996 (Siniossoglou et al., , 2000 . scNup84 also interacts demonstrate a function for the conserved Nup107-160 directly with scNup133 (Belgareh et al., 2001). A complex complex in this process. Partial in vivo depletion of of these seven nucleoporins has been reconstituted
Nup133 or Nup107 via RNAi in HeLa cells resulted in from recombinant components (Lutzmann et al., 2002). reduced levels of multiple nucleoporins and decreased
Mutation of scNup84 complex components leads to NPC density in the NE. Immunodepletion of the entire a variety of phenotypes that include nuclear polyA ϩ RNA Nup107-160 complex from in vitro nuclear assembly accumulation, NPC clustering in the NE, and abnormalireactions produced nuclei with a continuous NE but ties in NE organization (Doye and Hurt, 1997). Analysis no NPCs. This phenotype was reversible only if of vertebrate nucleoporins points to the conclusion that Nup107-160 complex was readded before closed NE at least 5 of the equivalent proteins: Nup107, Nup133, formation. Depletion also prevented association of Nup96 (homologous to scNup145-C), Nup160/Nup120, FG-repeat nucleoporins with chromatin. We propose and Sec13 form an analogous complex that we will refer a stepwise model in which postmitotic NPC assembly to as the Nup107-160 complex ( two other results were of particular interest. First, unlike Mattaj and Englmeier, 1998). These structures fuse the other previously studied nucleoporins that showed very rapid exchange at the NPC during interphase, like or off the NPC roughly once per cell cycle. Second, the trast, no decrease in p62 or gp210 was observed ( Figure  1D ). Nup107 siRNA treatment caused similar reductions two proteins accumulated at the reforming NE at the end in the levels of these nucleoporins. of mitosis earlier than other nucleoporins whose behavior Figure 2A ; for Nup133 depletions, see Supseems that the whole complex behaves similarly. These plemental Figure Figure 2C ). the transfection efficiency of 90%, was in the range of 15%-20% ( Figure 1D) . Surprisingly, the levels of several Nup107 and Nup133 Associate with Chromatin nucleoporins were reduced by at least 50%. These inEarly during Nuclear Assembly In Vitro cluded Nup107 and Nup96 that are both components
The in vivo data strongly suggested a function for Nup133 and Nup107, and thus the Nup107-160 complex, of the Nup107-160 complex, Tpr and Nup153. In con- acts as a template for nuclear assembly was carried out. Both Nup107 and Nup133 associated with the chromatin probably means that the entire Nup107-160 complex binds early to chromatin. As shown below, all the surface early by comparison with the group of Nups recognized by mAb414 (Figure 3) . By 10 min, a general, Nup133 in the extract is associated with Nup107, further supporting this assumption, but reagents against other somewhat punctate staining of both Nup107 and Nup133 was seen. This chromatin staining occurred becomplex components that would be required for definitive proof are currently unavailable. fore addition of membrane fractions, i.e., in the absence of NE assembly (see also Figure 7A 
below). As the nuclear assembly reaction progressed, a further difference
Depletion of Nup107 Blocks NPC Insertion into the NE In Vitro was observed. Both Nup107 and Nup133 staining covered the entire chromatin surface at intermediate as-
The effect of Nup107 depletion on NE assembly was tested. Affinity-purified antibodies were immobilized sembly times, while mAb414 staining remained punctate throughout (Figure 3, mbϩ30 min images). In the presand egg extract was passed over them. After two rounds of depletion, both Nup107 and Nup133 had been effecence of membrane fractions, reactions proceeded to complete nuclear assembly (lowest images).
tively removed from the extract ( Figure 4A ). All detectable Nup133 was codepleted with Nup107, demonstraNup107 and Nup133 appeared to be colocalized at all time points (inset images). Their identical behavior ting that Nup133 is quantitatively in a complex with Nup107. Interestingly, a higher proportion of Nup107 although strong staining was seen in mock-depleted reactions ( Figure 4B , lower images). To examine this in more than of Nup133 was removed after the first depletion, indicating that some Nup107 is present in a Nup133-detail, the NE surface was visualized by FEISEM. Whereas very abundant NPC structures were seen in free form ( Figure 4A , top images). It should be noted that only a minor phenotype was associated with a sinthe NEs of nuclei assembled for either 30 or 90 min in mock-depleted extract ( Figure 4C ), essentially no NPCs gle round of depletion even though much of the Nup107 was removed at this step. More complete removal of were seen on nuclei assembled in Nup107-depleted extract ( Figure 4D ). The density of NPCs after 90 min of Nup107 and the consequent efficient depletion of Nup133 (and most likely other constituents of the 107-assembly fell from 20 Ϯ 1.8 m Ϫ2 to 0.008 Ϯ 0.008 m Ϫ2 . In addition, none of the intermediates in NPC assembly 160 complex) were required to observe the strong phenotype described below.
(dimples, pores, star-rings, and thin rings; Goldberg et al., 1997) were detected. This suggested that Nup107, as The effect of depletion on nuclear assembly was first tested using fluorescently labeled membrane fractions part of the Nup107-160 complex, plays a critical role in postmitotic NPC assembly in the NE. (Hetzer et al., 2000) and observing nonfixed samples directly in the confocal microscope. Fixed samples were then analyzed in conjunction with NPC immunofluoresPurified Nup107-160 Complex Restores NPC Assembly and Function cence analysis. In order to rule out effects due to nuclear or NE growth, relatively early assembly times (60-90
To prove that the effect of depletion was a specific result of removal of the Nup107-160 complex, it was necessary min) were recorded, although the differences described below persisted at later times. This meant that many of to complement the defect. The Nup107-160 complex was purified from Xenopus egg extract using short fragthe nuclei were irregular in shape ( Figure 4B) .
In Nup107-depleted extracts, closed NEs were formed ments of both Nup153 and Nup98 that had previously been used in affinity enrichment of the complex (Vasu on chromatin templates at an efficiency similar to that observed in the mock-depleted controls ( Figure 4B The two purified complex fractions and the control when the in vivo and in vitro depletion experiments are compared (Figures 2 and 6 ) is most likely related to the eluate were then used in addback experiments. None of these fractions had any effect when added to mockfact that NPCs were essentially undetectable in the in vitro case whereas they were still present, although at depleted extract (data not shown). In addition, the CAN eluate had no effect on Nup107 or mAb414 staining of a reduced level, after in vivo depletion. When NPC function in nuclear protein import was asnuclei assembled in depleted extract ( Figure 6A, middle  images) . Addition of the Nup98 eluate resulted in signifisayed, using a GFP-NLS fusion protein as substrate, the results qualitatively reflected the restoration of Nup107 cant, but weak, restoration of both the Nup107 and mAb414 rim fluorescence (Supplemental Figure S2 and mAb414 antigen presence at the nuclear rim ( Figure  6B ) the mixed eluates resulted in restoration of import to a level that was not significantly different from that seen ates, that contains less Nup107-160 complex than the undiluted Nup153 eluate, was used ( Figure 6A ). Immunoin mock-depleted extract ( Figure 6B ). When closed NEs were allowed to reassemble prior fluorescence analysis of these nuclei revealed disconti-to the addition of the purified Nup107-160 complex, no recruitment of mAb414 antigen to the NE was seen (data not shown). This suggested that the presence of Nup107-160 complex, on chromatin, prior to NE closure was essential for NPC assembly. To rule out that this result was simply due to insufficient Nup107-160 complex in the addback fractions, similar assembly experiments were performed, in which mock-depleted extract was added to the Nup107-depleted extract either before or after formation of a closed NE. As expected, when depleted and mock-depleted extracts were mixed at the beginning of the experiment, mAb414 antigens were efficiently incorporated into the NE ( Figure 6C ; fourth column). In contrast, when mock-depleted extract was added to preformed nuclei in Nup107-depleted extract, no significant mAb414 staining was observed ( Figure  6C ; third column). We conclude that the presence of the Nup107-160 complex is required prior to NE closure for postmitotic NPC assembly into the NE.
Depletion of Nup107 or BAPTA Treatment Prevents Stable Association of mAb414 Antigens with Chromatin
In order to gain more insight into the step at which NPC assembly is affected by removal of the Nup107-160 complex, we examined the accumulation kinetics of mAb414 antigens on chromatin. In contrast to the situation in mock-depleted extract, almost no mAb414 staining was seen on chromatin at any time in the reaction carried out in the Nup107-depleted extract ( Figure  7A , the inset images are longer exposures). Chromatin decondensation and NE formation, in contrast, proceeded at similar rates in both cases ( Figure 7A, Figure  4 ). In particular, no mAb414 labeling was observed at the 10 min time point, i.e., before the addition of membranes. This suggests that the removal of the Nup107-160 complex not only prevents assembly into NPCs of the group of nucleoporins recognized by mAb414, but also blocks an even earlier step in the recruitment of these proteins to the chromatin surface prior to their insertion into the NE.
To obtain further evidence for this mechanism of NPC insertion, we reinvestigated the point at which BAPTA, a calcium chelator previously shown to block NPC assembly in the NE (Macaulay and Forbes, 1996; Allen et al., 1998), inhibits NPC assembly into the NE. As expected from prior studies, EGTA had no effect on Nup107 or mAb414 recruitment to chromatin or their incorporation into a closed NE (Figure 7B, top) . In contrast, BAPTA allowed formation of a closed NE and sub- NPC assembly corresponding to the recruitment of FG repeat-containing nucleoporins to chromatin to which the Nup107-160 complex is bound, and that this step is critical for NPC assembly in the NE.
Discussion
The effects of depletion of Nup107 and Nup133 have been examined both in vivo and in vitro. These two nucleoporins are components of an evolutionarily conserved complex called the Nup107-160 complex in vertebrates and the Nup84 complex in S. cerevisiae. In vivo depletion resulted in a complex phenotype. The major observation was a considerable reduction in NE-associated immunofluorescence signal for the targeted nucleoporin, other Nup107-160 complex components, and other nucleoporins not known to form any direct association with the Nup107-160 complex. FEISEM analysis of the depleted nuclei indicated that this loss of fluorescence resulted from a decreased NPC density within the NE. A second and possibly linked consequence of the loss of nucleoporins from the NE was a reduction in the total cellular level of several nucleoporins. Given the other data presented here, it seems likely that this loss is secondary to a defect in NPC assembly in the siRNAtreated cells and reflects the degradation of nucleoporins that are not incorporated into NPCs.
These phenotypes were accompanied, particularly in Nup133 on nucleocytoplasmic transport may be secondary consome extent with a distinct function of the Nup107-160 complex, such that a mixture has greater activity than sequences of partial loss of other nucleoporins or reduction in NPC number. either alone. Alternatively, it might mean that there are two functionally distinct forms of the complex that have different roles in NPC assembly.
Removal of the Nup107-160 Complex Prevents NPC Assembly
The in vivo depletion data were suggestive of an impor-
A Model for the Function of the Nup107-160 Complex
The data presented support a model for the function of tant role for the complex early in NPC assembly. Consistent with this possibility, when chromatin templates the Nup107-160 complex during postmitotic NE/NPC assembly ( Figure 7C ). The complex binds to chromatin were added to Nup107-depleted Xenopus egg extract they were efficiently incorporated into closed NEs, but at a very early stage in nuclear reassembly. Membrane vesicles that will give rise to the NE can still bind to these NEs lacked detectable NPCs. Removal of Nup107 from the extracts by immunodepletion resulted in effichromatin and fuse into a closed NE in the absence of the complex. The group of nucleoporins recognized by cient codepletion of Nup133, suggesting that the entire Nup107-160 complex had been depleted. The defect in mAb414 associates weakly with chromatin in the presence of the Nup107-160 complex, but not in its absence NPC assembly could be reversed with affinity-purified (Vasu et al., 2001 ) Nup107-160 complex, proving that ( Figure 7A ). Stable binding of these nucleoporins requires both the Nup107-160 complex and the addition the effect of depletion was specific to the removal of Nup107 and its partner proteins. These in vitro data of membranes. Binding to chromatin of the mAb414 antigens, but not of Nup107-160 complex, is blocked strongly support the conclusion that the effect of partial depletion of Nup133 or Nup107 on NPC assembly seen by BAPTA. The stable interaction of the mAb414 antigens with the chromatin is in turn necessary for their in our in vivo experiments is both direct and specific.
In the in vitro complementation experiments, a mixture assembly into NPCs in the growing NE. The model, and our data, therefore suggests that a critical step in NPC of the eluates from both Nup98 and Nup153 affinity columns was more active in complementation than eiassembly is the formation of a "pre-NPC" by recruitment of soluble nucleoporins to the surface of chromatin in a ther eluate alone. This might be trivial, since the eluted Nup107-160 complex was still associated with the Nup107-160 complex dependent manner. We therefore suggest, as did 
